Abstract. Climatic conditions can modify the life history traits, population dynamics and biotic interactions of species. Therefore, adaptations to environmental factors such as temperature are crucial for species survival at different altitudes. These adaptive responses, genetically fixed or plastic (phenotypic plasticity), can be determined by physiological thresholds and might vary between sexes. The objective of this study was to determine whether the life history traits of the European Map butterfly (Araschnia levana) differ at different altitudes. A field experiment was carried out along an altitudinal gradient from 350 to 1010 m a.s.l. in a low mountainous region (Bavaria, Germany). 540 butterfly larvae were placed at different altitudes in 18 planted plots of their larval host plant, the stinging nettle (Urtica dioica). After three weeks the larvae were collected and reared under laboratory conditions. Developmental traits of the butterflies, mortality and percentage parasitism were measured. Larval development was generally slower at higher altitudes and lower temperatures and larval weight decreased with increasing altitude and decreasing temperature. However, there were no significant differences in pupation, adult lifespan and percentage mortality at the different altitudes and temperatures. Female larvae were heavier than those of males, and the pupal and adult lifespans were longer in females than in males. However, male and female butterflies reacted similarly to altitude and temperature (no significant interactions). None of the 188 larvae collected were parasitized. In conclusion, the phenotypic plasticity of European Map butterfly has enabled it to adapt to different temperatures, but the strategies of the sexes did not differ.
INTRODUCTION
Environmental and climatic conditions determine the limits of the ranges of many plant and animal species (Warren et al., 2001; Franco et al., 2006; Parmesan, 2006) . Increasing temperatures, caused by climate warming, can modify species life history traits and may result in reduced or enhanced species survival (Bale et al., 2002) . If species specific tolerances to temperature are exceeded, the phenology of plants and animals or their distribution will change or they will go extinct (Parmesan & Yohe, 2003; Root et al., 2003; Primack et al., 2009) . Therefore, species might expand their ranges into cool regions, polewards or move to higher altitudes (Wilson et al., 2007; Merrill et al., 2008) . Life history traits can facilitate or impede species migration and shifts in geographic distribution (Berner et al., 2004) .
Insects, especially, should be affected by temperature, because of their short life cycles, ectothermic physiology and often low dispersal ability (Bourn & Thomas, 2002) . Increasing temperature can cause physiological changes in insects, like deviations in diapause or dormancy. In mountainous regions insects often have to adapt to fragmented habitats and harsh environmental conditions (Hodkinson, 2005) . Therefore rapid changes in mountain communities can be expected as the climate changes (McCarty, 2001) . However, there are only a few altitudinal studies on the effect of temperature on insects (e.g. Karl et al., 2008) . Recent studies show that insects at higher altitudes adapt to lower temperatures by having fewer instars and generations per year (Hodkinson, 2005) . Enhanced adaptation to local climate and altitude can be facilitated by high phenotypic plasticity . Alpine species of insects, for example, are often better adapted to low temperatures than widespread species (Buse et al., 2001) . Body size can increase with increasing altitude (Angilletta & Dunham, 2003; Karl & Fischer, 2008) and species fitness can decrease at low temperatures (Hodkinson, 2005) .
Extreme environmental conditions have different effects on different trophic levels (Schweiger et al., 2010) . At high altitudes insects like parasitoids have to adapt to both host dynamics and to harsh environmental conditions, which might result in a decrease in the rates of parasitisation (Both et al., 2009; Holt & Barfield, 2009) . Slower development of host species in colder habitats also increases the time for which they are vulnerable and can result in an increased risk of predation and parasitism, according to the slow-growth-high-mortality hypothesis (Benrey & Denno, 1997) .
Most altitudinal studies on the effects of temperature are laboratory based (e.g. Karl et al., 2008) . Field studies on the relation between altitude and life history parameters are still rare, but of particular importance since individuals live in the context of complex environmental and trophic interactions. The aim of this experimental field study is to disentangle potential effects of altitudinal gra-dients on the life history of Araschnia levana and its hostparasitoid interactions. The butterfly A. levana is a good model species as it extended its distribution over the last few decades (Parmesan et al., 1999; Parmesan, 2001; Konvicka et al., 2003) and therefore the butterfly and interacting species might not be optimally adapted and synchronized. A. levana occurs naturally along the whole altitudinal gradient in the study region and because it is bivoltine it is easily reared. Developmental time, mortality and percentage parasitism of larvae placed in experiment plots along an altitudinal gradient were measured. It was hypothesized that: (1) butterflies reared at high altitudes will take longer to develop, be lower in weight and fewer will survive because of the more unsuitable climatic conditions there, compared to low altitudes and that (2) fewer of the butterfly larvae transferred to high altitude sites will be parasitized than of those transferred to low altitude sites.
MATERIAL AND METHODS

Study region and experimental sites
The study region is located in the nature park Fichtelgebirge, a low-mountain region in northern Bavaria (Germany) close to the boarder with the Czech Republic east of the German town Bayreuth. The altitude ranges up to 1051 m a.s.l. Eighteen sites, covering the whole altitudinal gradient from about 350 up to 1010 m, were selected. The sites were located in fields next to forest and shrubs, where A. levana populations occurred naturally. At each of the 18 sites patches of the main larval food plant of A. levana, nettle Urtica dioica, were established.
Experimental design
In October and November 2008 1 m 2 sized patches of U. dioica were established at each of the 18 study sites by planting four pots of U. dioica. Study sites were located next to natural U. dioica patches. To assure that the larval food plants had the same phenological and genetic background commercially available seeds (Appels Wilde Samen, Darmstadt, Germany) were used. In contrast to vegetatively reproduced plants the seeds have the advantage that they are homogenous and allow fast and repeatable growing of one genetically homogenous cultivar. Seedlings were reared in a greenhouse and each planted in a 10 l plant pot containing potting soil with osmocote fertiliser (0.3%). After six months in the greenhouse the plants were transferred to the field. When necessary the plants at the study sites were protected from large herbivores by surrounding the patches with wire mesh fences. The nettles were initially watered. To obtain the average temperatures along the altitudinal gradient the temperature every second hour at each of the 18 nettle sites along the altitudinal gradient (06 June -08 July 2009) was measured using iButtons dataloggers (Maxim Integrated Products Inc., Sunnyvale, CA, USA).
Study species
The European Map butterfly Araschnia levana (Linnaeus, 1758) (Lepidoptera: Nymphalidae) is a widespread species in Europe and has recently expanded its range in all directions and colonized higher altitudes (Parmesan et al., 1999; Parmesan, 2001; Konvicka et al., 2003) . The species occurs naturally in the Fichtelgebirge and has two polymorphic generations per year (in the intensive surveys carried out in 2008, spring and summer generations were detected up to 800 m; Wagner unpublished data). A partial third generation is possible in warmer regions in southern Germany and is recorded only for places below 400 m a.s.l. (Ebert & Rennwald, 1991) . The generations of A. levana in spring and summer differ in wing colour (Fric & Konvicka, 2002) . The larval host plant of A. levana is the stinging nettle, U. dioica, but it might also feed on other Urtica species (Ebert & Rennwald, 1991) . The butterfly lays eggs in long strings on the underside of nettle leaves, where the larvae develop in groups of between 10-30 individuals until the last larval stage. In the field pupae are rarely found on the larval host plant, perhaps because the larvae disperse from the host plant before pupating (Ebert & Rennwald, 1991) . Most of the parasitoids of butterflies attack the first or second instar larvae and emerge from the fifth instar or pupae (see for example Brückmann et al., 2011) . Parasitoids recorded from A. levana, are the two ichneumonids Apechthis compunctor and Thyrateles camelinus, and the tachinids Bactromyia aurulenta, Compsilura concinnata, Phryxe nemea, Phryxe vulgaris and Sturmia bella (Hertin & Simmonds, 1976) . Other parasitoids e.g. braconids are also commonly recorded parasitizing butterflies (Hertin & Simmonds, 1976) .
In March 2009 15 first generation individuals of A. levana were caught at a location about three kilometres from the nearest study site (300 m a.s.l., 49°54´N, 11°40´E ). This location was chosen as the individuals there are probably similar genetically to the natural populations in the study region. To encourage the butterflies to reproduce they were kept in a climate chamber (22°C, 16L : 8D). As it was unknown whether the females had already mated in the field, both males and females were placed together in a cage (50 × 50 × 70 cm) with U. dioica, flowering plants, sucrose solution and water, which are the optimum conditions for reproduction. Females were allowed to deposit eggs on the nettles. To synchronize egg hatching, the eggs were collected and kept at 14°C (16L : 8D). Afterwards the eggs were kept at 22°C (16L : 8D) to induce hatching. The first and second instar larvae were randomly distributed between the experimental nettle patches at the study sites in the Fichtelgebirge (09-10 June 2009). 30 larvae were put on the nettles at each site. After three weeks (01-02 July 2009) the larvae were collected and were in the fourth to fifth instar, but had not yet pupated. Therefore, the larvae could have been attacked by parasitoids but they would not have emerged before collection (Brückmann et al., 2011) . The larvae spent three weeks in the field and adapted to the climatic conditions at the study sites before they were collected and transferred in the laboratory. These larvae were placed individually in boxes (125 ml) with moistened filter paper and leaves of U. dioica (22°C, 16L : 8D). When necessary the boxes were supplied with new leaves. The weights (in mg) of the larvae (directly after collecting) and pupae (one day after pupation) and the larval development time from collection in the field to pupation in the laboratory (in days) and the time spent in the pupal stage, were recorded . The butterflies that emerged from the pupae were placed in boxes (1 l) and provided with sucrose solution and water. Adult life span was recorded (in days from emergence to natural death). Percentage mortality of the 30 larvae transferred to each site and percentage mortality which occurred after collecting the larvae and prior to adult emergence in the laboratory was calculated for each site. Sex was determined after the adults emerged from the pupae.
Statistical analyses
The statistical analyses were conducted in R (v. 2.10.1). Linear mixed effect models (library nlme; Pinheiro et al., 2010) with a maximum likelihood method were calculated with the fixed effects sex at first position and either temperature or altitude at the second position plus the interaction between sex × altitude or sex × temperature. As it was not possible to deter-mine the sex of all the individuals due to mortality during development, the analyses were carried out with and without sex as a fixed factor. However, the results were consistent and only the data with sex as a cofactor is presented. The following 7 response variables were recorded: (1) larval weight, (2) pupal weight, (3) larval development time from collecting to pupation, (4) duration of pupation, (5) adult lifespan (6) percentage larval mortality in the field and (7) percentage larval mortality in the laboratory. Percentage larval mortality for each site was arcsinsqrt transformed. As the mortality rates are a single value at each site and the sex of the individuals that died was unknown, simple regressions with altitude and temperature were calculated.
RESULTS
Temperature decreased with increase in altitude (y = -0.0059x + 20.13; R 2 = 0.885; P < 0.001; N = 18 sites), (Araschnia levana) . The dependence on altitude and temperature is shown (significant P-values are presented in bold). Sex was used as an additional fixed factor for larval and pupal weight, larval development time, pupal and adult life span. Percentage mortality at each site was related to temperature and altitude.
which confirms that both altitude and temperature can be used as alternative explanatory variables.
Mortality and percentage parasitism
Of the 540 larvae placed at the 18 sites along an altitudinal gradient a total of 188 larvae were found and collected from 16 sites after 3 weeks. At two of the sites no larvae were found. Thus, the average percentage mortality of larvae per site is 65%. Percentage larval mortality did not change significantly with temperature or altitude, even though there was a tendency for the percentage mortality to increase in the field with increase in temperature (Table 1) . No parasitoids emerged from the butterfly larvae.
Life history traits
There was a strong relationship between altitude/temperature and the weight of the butterfly larvae (Table 1 ; Fig. 1A ) and between altitude/temperature and length of larval development (Table 1; Fig. 1B) , whereas other life history parameters were not associated with altitude or temperature (all P > 0.1; Table 1 ). All the traits of the female and male larvae differed significantly. Female larvae and pupae were heavier than those of males (Table  1) . Females lived longer than males and took longer to develop and spent longer in the pupal stage (Table 1) . None of the interactions between sex × altitude or sex × temperature had a significant effect on the life-histories (all P > 0.05).
DISCUSSION
As cited in the literature there was a decrease of 0.6°C for every 100 m increase in altitude (e.g. Rolland, 2003) . As predicted, the life history traits of the European Map butterfly (Araschnia levana) changed with increase in altitude and decrease in temperature. Life histories of females and males differed, but did not interact with altitude or temperature. Comparison of the associations between life history traits with altitude and temperature, revealed that the association with temperature was higher than with altitude, which indicates the usefulness of measuring temperature in addition to altitude at each location.
Mortality and percentage parasitism
Species are restricted to defined climatic envelopes (Walther et al., 2002) . If climate becomes less favourable, deviations from the optimal temperature can result in increased mortality (Alonso 1999; Karban & Strauss, 2004) . Therefore, an increase in mortality with increase in altitude was expected. However, there were no significant negative associations between percentage mortality and increase in altitude and decrease in temperature. This might be because the larvae collected from the field were all reared under the same temperature conditions.
As the species richness of insects generally decreases with increase in altitude and increase in harshness of the climatic conditions at high altitudes (Begon et al., 1996) it was assumed that percentage parasitism would be lower at the higher altitudes. However, none of the larvae collected were parasitized, even those collected at low altitudes. In theory, less favourable conditions and longer development times of the host lead to increased percentage parasitism (Benrey & Denno, 1997 ), but at this study site only bottom-up effects controlled the system and top-down-control by parasitoids did not occur. Larval development is more strongly determined by host plant quality and abiotic environmental factors (bottom-up control) than by top down control (Hunter et al., 1997) . The fact that the A. levana larvae were not parasitized might not be due to the absence of parasitoids, but due to the parasitoids being unable to detect the larvae in the newly planted experimental nettle plots. Microclimatic conditions, a too low population density of A. levana or possible chemical and landscape properties may have contributed to the lack of parasitoids. Nevertheless none of the 208 larvae of A. levana collected in an extensive survey of sites where nettles were growing naturally, in (Wagner, unpubl. data) . Also the author of an unpublished thesis from Sweden reports not finding any parasitized A. levana larvae, which is attributed to the relatively recent colonization of Sweden by A. levana (Söderlind, 2009, unpubl) .
Life history traits
As the rate of development in insects strongly depends on temperature (Van Doorslaer & Stoks, 2005; Bernardo et al., 2006) it is assumed that they adapt to and have different developmental strategies at different altitudes . Laboratory studies provide evidence that an interaction between temperature and the origin of butterflies affect larval growth rates and adult fecundity (Burke et al., 2005; Karlsson & Van Dyck, 2005; Nylin, 2009 ). In accordance with other altitudinal studies, the larvae of A. levana were lighter and took longer to develop at high compared to low altitudes, presumably because of the lower temperatures and high plasticity (e.g. Alonso, 1999) .
The comparison of insects collected from low and high altitudes has revealed that developmental rate increases with altitude (Berner et al., 2004) . This increase in developmental rate is associated with an increase in metabolic rate (Terblanche et al., 2009 ). In the current study the individuals originally came from sites at a low altitude. Their response to high altitudes might be an adaptive response to local climate facilitated by high phenotypic plasticity (Berner et al., 2004) . In another transplant experiment craneflies that were transferred from a high altitude to a lower altitude emerged at the same time despite the differences in temperature (Coulson et al., 1976) . This result contrasts with those of the current study in which larvae from lower sites developed more slowly and were less fit due to the lower temperatures at the higher altitudes, probably not for genetic reasons but because of their high plasticity.
Furthermore females took longer to complete their larval and pupal development than males. This accords with other laboratory studies and might be caused by protandry (Bauerfeind et al., 2009) , which may also account for the lower weight of male butterfly larvae and pupae (Fischer & Fiedler, 2001) .
CONCLUSION
The results indicate that altitudinal and temperature gradients affect the life history traits of the European Map butterfly (Araschnia levana). The assumption that butterflies at higher altitudes develop more slowly and fewer survive because of unsuitable climatic conditions could only partly be confirmed. The lower weights and slower development recorded at high altitudes compared to low altitudes, where the temperatures were higher, is probably a consequence of this species phenotypic plasticity. Sex differences in larval weight, pupal and adult lifespan might be due to protandry. The absence of parasitoids prevented a comparison of percentage parasitism at different altitudes and a test of the hypothesis that increasing temperatures might disrupt biotic interactions e. g. in the synchrony between parasitoids and hosts. However, the complete absence of natural antagonists either indicates that this kind of disruption has occurred or that top-down regulation of A. levana populations plays a minor role.
